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Glycophorin AWheat germ agglutinin (WGA) is an oligomeric lectin widely used as a model of sugar moieties in
biochemistry. Subunit association is important for the crosslinking function of WGA, so we used
atomic force microscopy to measure the subunit unbinding force of dimeric WGA. We found that
the average unbinding force of dimeric WGA is 55 pN at 1 nN/s loading rate, whereas this unbind-
ing force is increased at least up to 100 pN when WGA is bound to glycophorin A. Moreover, the dis-
sociation rate constant of WGA was calculated to be 1–2  102 s1, suggesting that dimer
dissociation is relatively fast.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Lectins are a class of proteins that bind to various types of car-
bohydrate molecules with high afﬁnity [1]. Target carbohydrates
are often in polymeric forms presenting highly clustered ligands
to lectins. In such cases, similar clustering of active sites on the lec-
tin side enhances the apparent afﬁnity between the ligand and
receptor. It explains the well-known observation that many, if
not all, lectins have oligomeric structures [2].
Wheat germ agglutinin (WGA) is a dimeric lectin composed of
identical subunits of 171 amino acid residues (MW  19000), each
having multiple binding sites for N-acetyl-D-glucosamine and sialic
acids [3]. It is considered to protect wheat germ (Triticum vulgaris)
from insects, yeast and bacteria. The structure of WGA has been
solved by Wright [4] giving detailed accounts of extensive subunit
interface and ligand binding domains. In Fig. 1A, the molecular
structure of WGA is presented (2uwg.pdb). Each subunit consists
of four closely related sub-domains that are rigidly folded with
four disulﬁde bonds per sub-domain (Fig. 1B). Isolectins, WGA1,
2 and 3, have very similar 3D structures and subunit contact sur-
faces to each other.
WGA has been extensively used to probe cell surface sugar mol-
ecules to distinguish malignant cells from normal cells [5,6]. It isalso used to study morphological changes of red blood cells upon
binding of ligands to cell surface receptors [7,8]. Thermal unfolding
of WGA has been studied and it was concluded that at low pH, the
dimer reversibly dissociated into compactly folded monomers
(non-obligatory dimer) [9,10].
Although each subunit has a capacity of binding ligands to its
multiple binding sites, existence of inter-subunit binding sites
has been established suggesting the importance of dimer forma-
tion for the full function of WGA [4]. It is therefore -subunit sites
may enhance stability/strength of dimeric state of the lectin.
Despite the importance of the dimeric form in WGA function,
quantitative data on its monomer–dimer equilibrium/kinetics are
lacking most likely because of the difﬁculty in measuring the
actual concentration of monomers coexisting with dimers at
physiological pH and temperature. The atomic force microscope
(AFM) based force spectroscopic method can at least give a direct
measure of unbinding ‘‘force’’ of subunits from each other under
physiological conditions and in many cases the dissociation rate
constant of dimer to monomer can be estimated. In the past we
reported results of such experiments along with many other
researchers and provided valuable data on protein unfolding,
protein–protein interactions, protein rigidity, etc. (for example,
[11–17]).
In this paper, we measured the unbinding force of two subunits
of covalently immobilized WGA molecules on a mica surface when
they were pulled in opposite directions in aqueous buffer solution
at pH 7.4 following the well established method widely used in
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Fig. 1. (A) Crystal structure of WGA dimer in main chain presentation by RasMol
(2uwg.pdb). Two subunits are colored with green and light gray, respectively. (B)
disulﬁde bonding pattern in WGA subunit of 171 amino acid residues presented as
the center dotted line assigned from 1 to 171. The solid lines above the dotted line
connect cysteine residues forming disulﬁde bridges and the short solid bars below
the dotted line depicts short stretches not involved in disulﬁde rings.
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speculated that WGA has one of the least stable subunit association
among oligomeric lectins [10].
One well known protein having strong interaction with WGA is
the red blood cell (RBC) membrane protein called glycophorin A
(GPA). Interaction between GPA and lectins including WGA has
been intensively studied and the speciﬁcity of the interaction has
been well documented [20–22]. Previous work reported that two
binding modes of WGA to GPA with dissociation rate, kd = 2.7 
103 s1 and <105 s1, respectively. [23]. We are also interested
to compare the unbinding force of WGA–GPA complex with that
of WGA dimer because the latter is the platform of the complex
formation. For this purpose, we applied the force spectroscopy
method also to the unbinding event of WGA from temporary com-
plex of WGA–GPA by immobilizing the former on AFM probe and
the latter on a mica surface. A similar measurement on the unbind-
ing force of Psathyrella velutina lectin (PVL) from its complex with
GPA was reported to be 60 pN [24]. A rupture force of 47 pN has
been reported for unbinding of WGA from N-acetylglucosamine-
neoglycoconjugate self-assembled monolayer [25].
Subunit unbinding mechanics of WGA has been studied by
molecular dynamics simulation by Tagami et al. [26] who proposed
partial unfolding of subunit structure before complete separation
of the two subunits. We like to compare the experimental result
with those of computer simulation.
Interaction between monomeric units of insulin was studied by
Yip and his colleagues using AFM and molecular dynamics simula-
tions [27–29]. Both AFM and simulation work indicated sequential
unbinding of monomer–monomer interaction before full dissocia-
tion took place.
2. Materials and methods
2.1. Proteins and chemicals
WGA, GPA, aminopropyltriethoxysilane (APTES), 6-mercapto-
1-hexanol and 1,8-octanedithiol were purchased from Sigma
Aldrich (St. Louis, MO). Disuccinimidyl suberate crosslinker and
poly(ethylene glycol) (N-hydroxysuccinimide 5-pentanoate) ether
N0-(3-maleimidopropionyl)aminoethane (MAL-PEG-NHS, average
Mn = 4000) was purchased from Pierce Biotechnology (Rockford,
IL). Other chemicals were purchased from Sigma Aldrich.2.2. AFM
A Nanoscope IIIa multimode AFM was used for force
measurement experiments. Olympus OMCL W400 TR gold coated
cantilevers (nominal spring constant = 0.02 N/m) were used after
calibration of spring constant on a homemade thermal noise detec-
tor based on the published method [30]. A freshly cleaved mica
surface was chemically activated with APTES according to our pub-
lished procedure [31] and reacted with DSS crosslinker. WGA was
then added to the DSS modiﬁed surface to be covalently immobi-
lized (Fig. 2A). The gold coated AFM cantilevers were ﬁrst reacted
with a 10 to 1 mixture of 6-mercapto-1-hexanol and 1,8-octane-
dithiol (total concentration = 1 mg/ml in octanol) [32]. After wash-
ing with ethanol and buffer, the cantilevers were reacted with
MAL-PEG-NHS (concentration = 5 mg/ml in phosphate buffered
saline at pH = 7.4) so that –SH of alkanedithiol and maleimide
groups on the crosslinker reacted to form a stable covalent bonds
leaving the succinimidyl group on the other end of the crosslinker
for further reaction with amino groups of WGA on the substrate
(Fig. 2B). One of the modiﬁed cantilevers was mounted on the
AFM and set above immobilized WGA on a mica surface in a buffer
medium. The cantilever tip was brought to contact with the sub-
strate surface to form covalent bonds with the amino groups on
WGA. After a short contact time, the tip-substrate distance was
increased so that a large enough tensile force was applied to induce
mechanical dissociation of the two subunits in WGA.
The force curves obtained in the retraction process of cantilever
from the mica surface were classiﬁed according to the presence or
absence of positive interaction signals between the probe and
WGA on the substrate. From the curves showing positive interac-
tions, those having a clear indication of PEG spacer extension in
the initial 20–50 nm starting at almost zero force level were col-
lected for further analysis. Those showing a strong de-adhesion
peak without PEG extension were excluded from further analysis.
Force curves collected on the basis of above stated ﬁltering condi-
tions guaranteed the absence of non-speciﬁc adhesion between the
probe and the substrate. After extension of PEG spacer, tensile
force gradually increased until the cantilever reached a maximum
deﬂection and then jumped back to un-deﬂected, zero force level
indicating a forced dissociation event of WGA dimer. The change
in the deﬂection of the cantilever in nm in the event was converted
to force in pN by multiplying the former with the cantilever force
constant and taken as the unbinding force of WGA subunits. Simi-
lar experiments were repeated at different pulling speed to obtain
the loading rate dependence of the unbinding force.
A similar method was used to measure the unbinding force
between WGA and GPA. GPA was grafted on APTES-DSS function-
alized mica surface. An AFM probe that was modiﬁed with MAL-
PGE-NHS as above was incubated in a solution of WGA so that
the succinimidyl group of the crosslinker on the probe reacted with
amino groups on WGA (Fig. 2C). Thus GPA was immobilized on
mica and WGA on AFM probe.
Experiments were performed in phosphate buffered saline at
pH = 7.4 and 25 C.
3. Results
3.1. Unbinding of WGA subunits
In Fig. 3A, typical unbinding force curves of WGA subunits are
presented in the form of force vs. cantilever deﬂection (downward
deﬂection corresponds to attractive force). Most of the curves had a
smooth and non-linear low tensile force extension of 30–50 nm
which was abruptly terminated with a single step jump to the base
line of zero force. The loading rate in this experiment was 1 nN/s.
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Fig. 2. (A) Chemical modiﬁcation process for mica substrate and (B) gold coated silicon nitride AFM probe. In A, the mica surface is coated with WGA through APTES and DSS
cross-linkers after functionalization of mica with APTES. In B, AFM probe was made amino-reactive with MAL-PEG-NHS cross-linker after grafting alkane thiol crosslinkers on
the probe.
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Fig. 3. (A) Unbinding force curves of WGA dimer obtained during retraction of the AFM probe from the substrate surface. The ordinate is force and the abscissa is the vertical
piezo displacement. The arrows in the top curve indicate the sequence of force curve evolution. The top three are from small force and the bottom three are from high force
region. The abrupt jump after a smooth extension of PEG spacer, as indicated in the second from the top curve, was assigned to dimer unbinding event. (B) histogram of the
unbinding force. (C) Semi-logarithmic plot of the loading rate dependence of WGA dimer unbinding force according to Bill-Evans model.
R. Afrin, A. Ikai / FEBS Letters 588 (2014) 4472–4477 4475The major part of the low force extension was attributed to that
of PEG crosslinker used to immobilize WGA to the surface of mica
and reorientation of WGA molecules in the direction of tensile
force application. We collected the ﬁnal rupture force of about
200 force curves similar to those in Fig. 3A and presented in the
form of histogram in Fig. 3B. In Fig. 3B, the major peaks were
approximated under a Gaussian distribution curves with a mean
of 55 ± 25 (S.D.) pN and a smaller peak in the region of 130 pN.
We attribute 55 pN peaks to represent unbinding force of a single
pair of WGA subunits. The higher force could be due to at least two
possible reasons: (1) simultaneous unbinding of two pairs of WGA
subunits, (2) unbinding of a single pair of subunit but with differ-
ent unbinding mode.
Apparent absence of subsidiary force peaks until the ﬁnal rup-
ture event indicated that WGA unbinding occurred without cata-
strophic disruption of the tertiary structure of the subunits.
Contribution of non-catastrophic, low force extension of loosely
folded structure, if there were such, could be involved but it must
be a small fraction the initial extension. Major parts of 171 amino
acid residues are involved in a tightly knit four sub-domains each
having four disulﬁde bonds (Fig. 1B) (from the data given in
2cwg.ent of PDB). The number of residues not involved disulﬁde
rings is about 36 per subunit which will extend up to about
10 nm if unfolded. This level of unfolding, if at all, is difﬁcult to
be delineated in the initial 30–50 nm PEG extension. We concluded
that unbinding of WGA subunits took place without signiﬁcant
degree of subunit unfolding, though this view is in contrast with
the proposal by Tagami et al. [26] (see Section 4).We occasionally observed force curves with a ﬁnal unbinding
force in the range of 2–3 nN after 30–50 nm extension. It is reason-
able to consider at least a part of these force curves as representing
a rupture event of a covalent bond. It is possible that a part of
immobilized WGA is in dissociated state maintaining a monomeric
half immobilized on the substrate. If the amino reactive crosslinker
on the AFM probe reacted with one of these monomers, breakdown
of a covalent bond is required to separate the probe from the
substrate.
3.2. Loading rate dependency
The loading rate dependency of the subunit unbinding for WGA
in the low force regime is given in Fig. 3C and the result was ana-
lyzed according to the equation given in Bell-Evans model [33,34].
F ¼ kBT
Dx
ln
rDx
kdkBT
 
ð1Þ
where F⁄, kB, T, Dx, r, and kd are, respectively, the mean unbinding
force, Boltzmann constant, temperature in Kelvin, activation dis-
tance, loading rate, and dissociation rate constant in the absence
of tensile stress.
Based on Bell-Evans model of binding dynamics, the distance
from the equilibrium position to an activated state, Dx, was
obtained as 0.7 nm, a relatively large value for protein–protein
interaction. The other adjustable parameter in the model, kd, was
obtained as 1–2  102 s. Spontaneous dissociation of the two
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approximately 50–100 s.
The stability of subunit interaction is accomplished not by cre-
ating a mechanically rigid interaction surface but by providing a
more or less loose interaction surface with a relatively large value
of activation distance, Dx.
Based on the subunit interaction data of WGA obtained in acidic
media, Portillo-Tellez et al. [10] speculated that theWGA dimer is a
relatively weak complex. One of their conclusions was that the
homodimer formation of WGA was non-obligatory, i.e., there was
little subunit conformational change upon formation of a dimer,
suggesting that subunits bind and un-bind as rigid bodies.
Although the mechanism of unbinding in their solution study is
different from our AFM based force spectroscopy method, our
result of single step unbinding is compatible with their observation
of rigid body behavior of subunits during dissociation process.
3.3. Force curve obtained with GPA on the tip
When an AFM cantilever modiﬁed with WGA was used to form
ligand-receptor bond with GPA molecules on mica surface, we
obtained force curves in the retraction regime as presented in
Fig. 4A with a histogram of unbinding force in Fig. 4B. The shape
of the curves was again very smooth with the ﬁnal rupture force
of nearly 100 pN which was a clear increase from 55 pN for
WGA subunit unbinding in the absence of GPA. Although we have
now two candidates for unbinding in this experiment, one between
WGA and GPA and the other betweenWGA subunits, in either way,
it is apparent that WGA subunit interaction was toughened after
binding with GPA.
This result is in agreement with the structural observation by
Wright that WGA has binding networks with ligands that encom-
pass the interface of two subunits [4]. Ramsden andWright studied
the binding kinetics of WGA and GPA using an integrated optical
method and reported that there were two binding modes [23].
We, however, could not distinguish the two binding modes from
our AFM experiment.
3.4. Speciﬁcity test
Speciﬁcity of the observed force for WGA subunit unbinding
was conﬁrmed from the absence of force curves such as those in
Fig. 3A when the AFM tip was worked on mica without having
immobilized WGA. Speciﬁcity of the results for WGA–GPA unbind-
ing was conﬁrmed by observing a signiﬁcant reduction of force
curves such as given in Fig. 4A in the presence of free GPA in the
experimental solution at a concentration of 1 mg/ml.20
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Fig. 4. (A) Unbinding force curves of WGA-GPA4. Discussion
Force spectroscopy has become an established method to inves-
tigate the mechanical strength of non-covalent molecular interac-
tions between biological macromolecules. While the covalent
structure of a protein determines its identity as represented in its
amino acid sequences, its functional state is maintained in the
form of its well deﬁned 3D structure which is spontaneously cre-
ated mainly through intra- and inter molecular non-covalent inter-
actions. Intra- and inter-molecular interactions are manifested,
respectively, in protein folding (tertiary structure) and subunit
binding (quaternary structure). Examples from previous studies
show that such non-covalent interactions are, roughly speaking,
10–50 times weaker than covalent bonds in terms of rupture force
[17,33]. We are here interested in the competition between sub-
unit unbinding versus unfolding of tertiary structure when a pro-
tein with quaternary structure is pulled in opposite directions.
The force curves we obtained showed a very smooth and low force
extension of 30–50 nm corresponding mainly to the unfolding of
ﬂexibly coiled PEG part of the crosslinker. The curves were invari-
ably terminated with a sudden decrease of tensile force to zero
level giving a rupture force of 55 pN in average, signifying
breakdown of subunit interaction. The cantilever was freed to its
un-deﬂected position thereafter. This breakdown force was inter-
preted as representing the force required to unbind two subunits
in a WGA molecule. There was no identiﬁable force peaks until
the ﬁnal unbinding event of WGA subunits indicating that unfold-
ing of tertiary structure of WGA before unbinding was unlikely or
could not be observed under our experimental conditions.
In contrast to the present experimental results, Tagami et al.
proposed, in their MD simulation study, a scenario where signiﬁ-
cant degree of subunit unfolding took place before complete
unbinding of subunits [26]. Progressively increasing tensile force
culminated to a peak value of 400 pN before the ﬁnal separation
of the two subunits at a pulling speed of a few nm/ns (at least
107 faster than our experimental conditions). As they noted,
the multiple sawtooth pattern representing sequential unfolding
would be smeared out if a soft cantilever is used for force detec-
tion. In addition to this, force measurement under much slower
pulling speed in experiment would further obscure the expected
sawtooth pattern. It is, therefore, safe to conclude that, in our
AFM experiment with a time resolution of milli-seconds, the major
relaxation process of intra-molecular stress took place in a single
step decrease of 55 pN force.
We obtained a larger value of the ﬁnal rupture force when
WGA–GPA interaction was investigated. Between the two types
of non-covalent bonds involved in this system, one between two400350300250200150100500
Force (nN))
complex. (B) histogram of the peak force.
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know which was weaker but it took a force of nearly 100 pN to
rupture the weakest link in this non-covalent chain system. Our
conclusion is that the WGA subunit interaction was strengthened
upon GPA binding from its original value of 55 pN up to at least
100 pN, a signiﬁcant increase. This is an interesting observation
strongly suggesting that the subunit association was strengthened
after binding of macromolecular ligand. This result supports the
presence of inter-subunit ligand binding sites on WGA [4].
The result of this work suggested that the WGA dimer itself has
a relatively large dissociation rate constant though its stability is
augmented by binding of ligand GPA. Since the on-rate is not
known for WGA it is still not possible to obtain monomer–dimer
equilibrium constant.
Suggestion by Portillo-Tellez et al. based on their dimer-
monomer equilibrium study in acidic media that WGA dimer is a
rather weak one agrees with our ﬁnding that the dissociation rate
constant of WGA dimer is in the order of 102 s1, a relatively large
value and in comparable range with that of tetramer-dimer disso-
ciation of hemoglobin (1–2  103 s1) [35].
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